<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

Gofaszewski, J., Cygan, G., Gotaszewska, M., Klemczak, B., Jonkers, H., Zhilyaev, D., & Koenders, E. A. B. (2026).
Utilization of Recycled Foam Concrete Powder with Phase-Change Material as a Cement or Sand Replacement: Impact
on Mortar Properties and Superplasticizer Performance. Sustainability, 18(2), Article 1004.
https://doi.org/10.3390/su18021004

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.3390/su18021004

<@ sustainability

Article

Utilization of Recycled Foam Concrete Powder with
Phase-Change Material as a Cement or Sand Replacement:
Impact on Mortar Properties and Superplasticizer Performance

Jacek Gotaszewski 17, Grzegorz Cygan 1(0, Malgorzata Golaszewska 1-*(", Barbara Klemczak (%, Henk Jonkers 205,

Dmitry Zhilyaev 2

W) Check for updates

Academic Editor: Asterios Bakolas

Received: 3 December 2025

Revised: 10 January 2026

Accepted: 15 January 2026
Published: 19 January 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

and Eduardus A. B. Koenders 3

Faculty of Civil Engineering, Silesian University of Technology, Akademicka 5, 44-100 Gliwice, Poland;
jacek.golaszewski@polsl.pl (J.G.); grzegorz.cygan@polsl.pl (G.C.); barbara.klemczak@polsl.pl (B.K.)
Faculty of Civil Engineering and Geosciences, Delft University of Technology (TUD), Postbus 5,

2600 AA Delft, The Netherlands; h.m jonkers@tudelft.nl (H.].); d.zhilyaev@tudelft.nl (D.Z.)

Institute of Construction and Building Materials, Technical University of Darmstadt (TUDa),

64287 Darmstadt, Germany; koenders@wib.tu-darmstadt.de

Correspondence: malgorzata.golaszewska@polsl.pl

Abstract

The recycling of ultralight foam concrete (ULFC), both with and without phase-change
material (PCM), involves crushing it and using the resulting recycled foam concrete powder
(RFCP) as a partial substitute for cement or sand in cement composites. These recycling
paths remain insufficiently explored in the literature regarding practical feasibility. Since
both RFCP and PCM reduce the flowability of fresh mortars, incorporating RFCP with
PCM is, in practice, only feasible with the addition of a superplasticizer (SP). The primary
objectives of this study were to determine: (1) the effect of RFCP with PCM, when used to
replace cement or sand, on mortar properties, and (2) its influence on the performance of
the superplasticizer (SP), to assess the feasibility of using RFCP with PCM in cement com-
posites. The addition of RFCP, both without PCM (RFCP_0) and with PCM (RFCP_PCM),
deteriorates the properties of fresh and hardened mortars compared to reference mortars.
The negative impact of RFCP is less pronounced when it replaces sand rather than cement.
Compared to RFCP_0 mortars, RFCP_PCM mortars exhibit reduced flowability. PCM
delays setting and reduces heat evolution during the first 48 h of hardening. PCM does
not significantly affect strength or water absorption but increases shrinkage and lowers
thermal conductivity. While RFCP_PCM does not impair SP efficiency, PCM causes SP to
significantly retard setting and hardening.

Keywords: recycled concrete powder; ultralight foam concrete; phase-change material;
recycled building materials; mortars with waste materials

1. Introduction

One of the key advancements in the construction industry is the development of
sustainable materials that are energy-efficient in production, durable in use, multifunctional
within a building, capable of reducing energy demands during operation, and recyclable.
Among these materials are cement-based ultralight foam concretes (ULFCs) with a density
of 200400 kg/m? [1-9], as well as ULFCs incorporating phase-change materials (PCMs) in
the form of microcapsules (mPCMs) [10,11]. Due to their low density, ULFCs with mPCMs
serve as effective insulating materials. The presence of mPCMs allows them to absorb, store,
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and release significant amounts of energy, helping to stabilize indoor temperatures within
the thermal comfort range. This makes them a valuable component in energy-efficient
heating and cooling systems [12-15]. In building applications, mPCMs typically consist
of polymeric microcapsules, ranging from 1 pm to 1 mm in diameter, filled with paraffin-
based organic PCMs [12-15]. As mentioned earlier, a crucial characteristic of a sustainable
construction material is its ability to be disposed of or recycled at the end of its life cycle.
Crushing can be identified as one of the primary methods for recycling ULFCs [16,17].

Due to the low strength of ULFCs, the crushing process requires minimal energy and
primarily produces powder fractions up to 0.125 mm (recycled foam concrete powder,
RFCP), along with smaller amounts of fine fractions up to 5 mm (recycled foam concrete
fine aggregate, RFCFA) [16,17]. PCM microcapsules, if present, are mostly destroyed during
crushing and sieving, resulting in RFCP containing free paraffin [16]. RFCP obtained from
crushed ULFC, with or without PCM, can be reused in several ways: (1) as a component
of cement, particularly since the addition of recycled concrete powder (RCP) is regulated
by EN 197-6 Cement—Part 6: Cement with Recycled Building Materials [18]; and (2) as an
aggregate [16,17]. Additionally, RFCP can undergo further processing, such as grinding or
thermal treatment, to enhance its usability [17,19].

A previous study [16] explored the use of RFCP as a non-clinker cement component,
considering its origin (ULFC with and without PCM) and processing (crushing, grinding,
or heat treatment). Incorporating 20% RFCP significantly altered cement and mortar
properties, with a very limited effect of source or processing. RFCP without PCM delayed
setting, reduced heat evolution, and had high water demand, which led to lower flowability
and faster workability loss. Mortars with RFCP showed slower early strength gain, reduced
compressive and flexural strength (except thermally treated RFCP), higher shrinkage and
water absorption, lower thermal conductivity, and variable heat capacity. Overall, RFCP
from ULFCs without PCM behaves similarly to RCP from conventional concretes [19-30].

According to [16], the fact that PCM is present in the RFCP affects the properties of
cement and fresh mortars. Though PCM accounts for less than 1% of mortar volume, it
greatly increased RFCP’s water demand, reducing flowability, delayed setting, and reduced
heat evolution during the first 48 h of hardening. In terms of hardened properties, PCM
in RFCP had no significant effect on the strength or water absorption of mortars, but it
increased shrinkage and reduced thermal conductivity. These findings align with other
studies on the influence of PCM on mortars and concrete [12-15,31-37]. Processing by
grinding RCP allows the slight reduction of this negative effect, but it remains considerable.
Thermal processing removes PCM from RFCP; however, its water demand is still higher
than that of thermally treated RFCP without PCM.

In terms of meeting the basic requirements of EN 196-1 [38] for cement in terms of
the compressive strength after 2 and 28 days, only grinding has been found as a suitable
processing method of RFCP [16]. Using RFCP processed by crushing or thermal treatment
leads to a significant increase in the water demand of the cement, making its practical
application unfeasible due to difficulties in controlling the flowability of fresh mixtures.
This aligns with broader research on the negative effects of higher amounts of recycled
concrete powder (RCP) [19-30] and/or mPCM [12-15,31-37] on the properties of hardened
composites, which primarily stem from their adverse impact on flowability.

Limitations noted in [16,17,19-37] do not preclude using RFCP as an additive in mortar
or concrete. Consistency can be maintained by increasing the water content, at the cost
of the hardened properties of composites containing RCP or mPCM; however, the loss of
flowability caused by RCP or mPCM can also be compensated with a superplasticizer (SP),
and thus the negative impact of RCP can be reduced and, to some extent, controlled. In such
cases, RFCP can be used not only as a partial cement replacement but also as a substitute
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for a portion of the aggregate, particularly when working with aggregates that contain
minimal powder fractions. Due to its high water absorption capacity, RECP can act as a
stabilizer, and thus as a possible replacement for a portion of mineral additives. A positive
influence of RCP on the stability of self-compacting concrete mixtures has been reported
in [26,27]. Moreover, replacing sand with RFCP is potentially less detrimental to composite
properties than using it as a cement substitute. This approach allows for the use of crushed
RFCP (grain size < 0.125 mm), which is produced through a less energy-intensive process
than grinding or heat treatment, resulting in both economic and environmental benefits. In
terms of mPCM content, it should be noted that the amount of mPCM in the concrete is
small. If ULFC with a density between 200 kg/m3 and 400 kg/m3 is used, with inclusion
of 20% mPCM by volume of base paste, the PCM content in the RFCP will be around
10% by weight. When such RFCP with PCM is incorporated into concrete containing
300-350 kg/m? of cement at replacement levels of up to 40% by cement weight, the PCM
content will not exceed approximately 0.6-0.8% of the total concrete weight (1.6-1.8% of
the total concrete volume). Literature on mPCMs suggests that this amount is too low
to produce significant thermal effects or substantially alter the properties of hardened
mortar or concrete [19-30]. However, in RECP with PCM obtained through the crushing
process, the mPCM capsules are destroyed, releasing the paraffin inside. This may lead to
significantly greater negative effects than would be expected based on its low PCM content,
as indicated in [16].

In terms of SP effectiveness in mortars and concretes with RFCP with PCM, the
information available in the literature is limited. Generally speaking, the use of SP in
mortars and concretes with the addition of recycled cementitious materials has been found
to lead to positive outcomes of increased strength and durability [39-41]. This effect was,
however, obtained through the lowering of the w/c ratio, with the workability of the mix
controlled by the amount of SP added. In terms of basic interactions between recycled
cement powders and SP, Yang et al. [42] found that the absorption of SP on the grains
of recycled cement powder can lead to a decrease in its effectiveness. This indicates the
possibility of issues with flowability for RFCP addition to mortar and concrete. Additionally,
the presence of PCM in the RFCP must also be taken into consideration. In the interaction
between SP and PCM, it can be expected that the polycarboxylate-based SP will adsorb on
the paraffin-based mPCM grains preferably to cement grains, and thus a deflocculation
of PCM can occur at the cost of SP effectiveness [43]. However, it remains unclear how
the effectiveness of the superplasticizer (SP) may be influenced by the grinding of RFCP
containing PCM, since this process, as previously noted, destroys the mPCM capsules and
releases paraffin.

Available existing literature does not provide a systematic study of how the addition
of RFCP with PCM would affect the properties of mortars and concretes, especially at high
replacement rates. There is also a lack of analysis in terms of the feasibility of use of RFCP
in practical applications, which spans basic mechanical properties or possible interactions
between the RFCP with PCM and admixtures, which are currently a basic constituent of
commercially used concretes and mortars. In particular, the interaction between SP and
RFCP containing PCM, as well as the impact of incorporating higher amounts of RFCP with
PCM as a cement or aggregate replacement, have not yet been thoroughly investigated.

Considering the state of the art presented above, the aim of this research was to:

e Investigate the effect of increased amounts of RFCP, obtained by crushing ULFC with
and without mPCM, when used as an additive in mortar or concrete—either as a
cement replacement or as a fine aggregate replacement—on the basic properties of
fresh and hardened mortars.

e  Assess the impact of RFCP containing PCM on the performance of the superplasticizer.
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This would provide the basis for assessing the feasibility of using RFCP with PCM
in cementitious materials. It is important to emphasize that the primary motivation for
using RFCP with PCM as an additive in mortars or concretes is its recycling potential. The
introduction of such RFCP is expected to negatively affect the properties of both fresh and
hardened mortars and concretes. However, the key objective is to determine whether it is
possible to obtain a material with acceptable properties for practical use in less demanding
structures and/or environmental conditions.

2. Materials and Methods
2.1. Research Plan

The effects of using recycled foam concrete powder (RFCP), with and without PCM, as
a replacement for up to 40% of the cement by weight, either as a partial cement replacement
or as a fine aggregate replacement, were studied to check the feasibility of its practical use.
As previously noted, the introduction of RFCP in amounts exceeding 20% typically severely
reduces the workability of mortars, making proper compaction difficult. To achieve the
required workability in mortars containing RFCP, a superplasticizer was necessary. The
influence of RFCP was tested using standard mortars, as specified in EN 196-1 [38].

The RFCPs used in the study were obtained from ULFC panels. The density of
the foam concrete used was in the range of 200 to 350 kg/m3. The ULFC used in the
research was waste material form the NRG-STORAGE project, funded by the European
Commission [10]. The properties of the ULFC panels and the process of their production
are described in [9,10,44,45]. In general, to produce ULFC, a base paste with a w/c ratio
of 0.40 was prepared. The base paste consisted of one of two cements, CEM 142.5 R or
CEM 1 52.5 R cement, metakaolin (20% by weight), mPCM (up to 20% by volume of the
base paste), and a superplasticizer, along with stabilizing and accelerating agents. This was
mixed with a foam of density 70 kg/m?, prepared with a protein-based foaming agent. The
base paste volume in the ULFC was 20 & 5%. In the ULFCs, two paraffin-based PCMs in
polymeric capsules were used for the ULFCs: Nextek 24D (PCM1) and Nextek 37D (PCM2).
The age of the recycled ULFC panels ranged from 0.5 to 1.5 years. The material had very
low compressive and flexural strength, and thus the process of grinding was conducted
by hand, in a mortar. After grinding, the material was homogenized, and sieved by hand.
After sieving, approximately 40% of the RFCP had a grain size of <0.125 mm, while the
remaining material was fine aggregate with a grain size of up to 1 mm.

The research plan and sample codes are presented in Table 1. The sample names follow
the structure: CEM/FA, indicating the use of the powder as a cement substitute (CEM)
or a sand substitute (FA), with a mass replacement level of 20 or 40%. The designations
RFCP_0, RFCP_PCM1, and RFCP_PCM2 indicate the type of PCM used or the absence of
PCM (denoted by 0). The designation SP indicates that a superplasticizer was used.

Table 1. Research plan and sample notations.

Method of RFCP Introduction into Paste or Mortar

RFCP Type RFCP as 20% Cement RFCP as 40% Cement RFCP as 40% Cement RFCP as Sand Replacement by
Replacement by Mass  Replacement by Mass Replacement by Mass + SP Mass (40% of Cement by Mass) + SP
RFCP without PCM CEM_20_RFCP_0 CEM_40_RFCP_0 CEM_40_RFCP_0_SP FA_40_RFCP_0_SP
RFCP with PCM1 CEM_20_RFCP_PCM1  CEM_40_RFCP_PCM1 CEM_40_RFCP_PCM1_SP FA_40_RFCP_PCM1_SP
RFCP with PCM2 CEM_20_RFCP_PCM2  CEM_40_RFCP_PCM2 CEM_40_RFCP_PCM2_SP FA_40_RFCP_PCM2_SP

Reference mortars: REF_CEM, CEM_40_LL, with 40% LL as cement replacement.

The study examined the following factors and their effect on the properties of mortars:

e  The method of introducing RECP into the paste or mortar: RFCP, in amounts of 20%
or 40% by weight of cement, was introduced into the paste either as a substitute for
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cement or into the mortar as a replacement for (1) cement or (2) sand. The effect
of adding 40% RFCP as a fine aggregate replacement, along with a superplasticizer
(FA_40_RFCP_SP), was compared to mortars made from CEM I cement (CEM_REF),
mortars with 60% CEM I and 40% ground limestone (CEM_40_L), and mortars made
from 80% CEM I and 20% RFCP (with and without PCM and without the addition of
SP, labelled CEM_20_RFCP).

e  The type of PCM in the RFCP: The RFCPs used were obtained from: (1) foam concrete
without PCM, and (2) foam concrete with the addition of two types of PCM—Nextek
24D (PCM1) or Nextek 37D (PCM2).

2.2. Materials

Portland cement CEM 152.5 R, limestone powder (LL), RFCP with properties presented
in Tables 2 and 3, and CEN Standard Sand according to EN 196-1 [38], were used in the
study. A polycarboxylate superplasticizer (SP) with a density of 1.07 g/cm® and solid
content of 35% was applied at a dosage of 1% of the cement weight, which reduces the
water content in the mixture by 26%. The two types of PCM in the RFCP powder are Nextek
24D (PCM1) and Nextek 37D (PCM2), paraffin-based PMCs with melamine-formaldehyde
polymer shell. Their peak melting temperature is, respectively, 24 °C and 37 °C. The mean
particle size is 15-30 um for both PCMs.

Table 2. Properties of cement, limestone, and RFCPs.

RFCP Specific Surface Area, cm?/g Density, g/cm3
CEM152.5R (CEM) 4595 3.10
Limestone (LL) 4785 2.93
RFCP_0 5926 2.28
RFCP_PCM1 5917 2.09
RFCP_PCM2 6014 2.08

Table 3. Chemical composition of cement, limestone, and RFCPs.

Oxide Composition, % wt

Material SiO, Al,O; Fe;03 CaO MgO SO3 Na,0 + K,0 Lol
CEMI525R (CEM)  20.10 4.50 3.30 64.90 1.40 2.8 0.93 0.66
Limestone (LL) 3.6 0.5 0.4 53.55 0.70 0.02 - 412
RFCP_0 16.2 3.8 2.8 55.2 1.2 2.24 0.70 17.1
RFCP_PCM1 14.2 34 25 48.34 1.0 1.9 0.61 27.8
RFCP_PCM2 14.7 3.5 26 50.1 1.1 2.0 0.63 25.2

The particle size distribution of the materials, determined using laser diffraction
analysis (LDA), is shown in Figure 1. SEM images of RFCP with PCM1 are presented in
Figure 2.

The specific surface area (SSA) of RFCP_0 is 29% higher than CEM cement and 24%
higher than limestone (LL). LDA indicates that the fineness of RFCP_0 is significantly lower
than the fineness of cement. However, LDA measurement does not take into account the
porosity and irregular shape of the RFCP grains, or the possibility of their agglomeration, as
shown in the SEM images (Figure 2). Based on the composition of ULFC, it can be estimated
that the PCM content in RFCP is approximately 10% by weight, which was confirmed
by DTG analysis (Figures 3 and 4). According to the SEM images, no free or intact PCM
microcapsules were found in the RFCP, only remnants of the microcapsules and traces of
paraffin released from them, which were found covering the grains of RECP (Figure 2).
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Figure 1. Particle size distribution of CEM I cement (CEM), limestone (LL), and RFCP.
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(b)

Figure 2. SEM images of RFCP_PCM1: (a) overview of the RFCP_PCM]1 at 1000 x magnification, and
(b) a remnant of the PCM capsule at 10,000 x magnification.

The thermal analysis results of RFCP without PCM (RFCP_0) and with PCM
(RFCP_PCM1) are shown in Figures 3 and 4. The measurement was conducted on a
Thermal Analyzer Netzsch STA 509 Jupiter in an atmosphere of synthetic air, with a speed
of temperature increase of 10 K/min. The sample was dried in 50 °C to a constant mass,
and then ground, so that it would pass through a 63 um sieve. In general, the TGA curve of
RFCP_0 is typical for hardened cementitious composites. Peaks in the range of 100-200 °C
are associated with water evaporation and the dehydration of C3A and ettringite phases,
then the peak at ~350 °C indicates the decomposition of alumina phases, while the peak at
~450 °C is the result of the dehydroxylation of portlandite Ca(OH),. All these peaks are
very characteristic of cementitious materials, and thus other peaks can be interpreted as the
result of additions such as RECP and metakaolin. A peak between 700 and 750 °C indicates
the decarbonation of carbonates, which may be linked to the RFCP, while a peak at ~620 °C
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indicates the presence of metakaolin. The presence of PCM significantly affects the TGA
curves, as evidenced by the increased mass loss in the temperature range of ~200-500 °C,
which can be attributed to the evaporation of paraffin from the paraffin-based PCM [46,47].
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Figure 3. TGA curves of the RFCP (a) without PCM (RFCP_0) and (b) with PCM1 (RFCP_PCM1).
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Figure 4. TGA curve comparison for RFCP_0 and RFCP_PCM1.

2.3. Mortar Proportions

The composition of mortars used in the research is presented in Table 4. While
in general, mortars with a w/c ratio of 0.50 were used, their workability was too stiff
for rheological measurements due to equipment limitations, and thus a w/c ratio of
0.65 was employed just for rheological testing. Due to the high water demand of RFCP,
a superplasticizer (SP) was added at a dosage of 1% by mass of cement and RFCP to the
CEM_40_RFCP and FA_40_RFCP mortars to improve their workability and allow proper
compaction. The amount of SP was adjusted so that the sample CEM_40_RFCP_SP had the
same water demand as the reference sample REF_CEM. The same SP dosage was then used
for all of the samples. In the case of samples with 20% RFCP addition, the water demand
allowed for easy compaction, and thus the SP was deemed unnecessary.

Table 4. Mix composition of mortar.

Mix Composition (g)

Constituents REF. CEM CEM 40 LL CEM 20 RFCP CEM 40 RFCP_SP FA_40 RFCP_SP
Cement 450 270 360 270 450
Limestone - 180 - - -
Water (mortar with
w/c = 0.50) 225 225 225 225 225
Water (mortar with
w/c=0.65, used in 292.5 292.5 292.5 292.5 292.5
rheological tests)

RECP - - 90 180 180
Sand 1350 1350 1350 1350 1170
SP - - - 4.5 6.75

2.4. Testing Methods

The research examined the effects of introducing RFCP on the basic properties of
cement, fresh mortars, and hardened mortars. All of the tests and their methods are
described below. Unless otherwise specified, the results presented are the averages of three
measurements (samples).

The influence of RFCP on the amount of water required to achieve a paste of standard
consistency (referred to as the water demand of cement) was determined using the Vicat
apparatus method, according to EN 196-3:2016-12 [48]. After obtaining the standard

consistency, tests of setting time were conducted, also using the Vicat apparatus, according
to EN 196-3:2016-12 [48].
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The isothermal method of measuring the hydration heat of cement was used, according
to EN 196-11:2019-01 [49]. An isothermal calorimeter (TAM Air) was used, and the internal
mixing method was employed. The heat evolution was monitored over 168 h, and the
results presented are the average of two samples.

The air content in fresh mortars was determined using the pressure method, according
to EN 413-2:2016-11 [50].

The consistency of fresh mortar was assessed using the flow table method, according
to EN 1015-3:2000 [51]. To better understand the impact of RFCP on the flowability of
mortars, a comprehensive measurement of rheological properties was conducted. Due
to the limitations of the equipment used, the mortar composition had to be modified by
increasing the w/c ratio to 0.65, to obtain a fluidity fit for the measurement. It was assumed
that the rheological properties of the mortars could be characterized by the Bingham model
parameters: yield stress (Tp) and plastic viscosity (np,). The theoretical basis and methods
for rheological measurements of mortars and concretes are widely discussed in [52]. It is
well-documented in the literature (e.g., [44,52-55]) that only an approximation of the yield
stress (Tp) of mortars can be determined using flow table measurements. It is also worth
noting that rheological measurements performed on mortars can be used to predict the
rheological properties of fresh concrete [55].

The rheological parameters of the mortars were measured using a Viskomat NT
(manufactured by Schleibinger Gerate, Buchbach, Germany) rotational rheometer, as shown
in Figure 5, using herringbone-shaped stainless steel probe (as presented in Figure 5).
Immediately after mixing, mortar samples were placed in the rheometer in a testing cylinder
and tested at 5 and 60 min following the procedure below: the speed was maintained at
120 rpm for 3 min, then decreased from 120 to 20 rpm in even intervals, during which the
shear resistance was measured. The total measurement time was 4.5 min. The temperature
of the mortar was maintained at 20 °C + 1 °C using a thermostatic device. After testing
at 5 min, the test sample was removed from the testing cylinder, remixed by hand with
the remaining mortar, and left to rest in a covered contained at a controlled temperature
of 20 £ 2 °C. After 60 min, the mortar was placed in the testing cylinder again. With the
Viskomat NT, the rheological parameters, yield stress (tg) and plastic viscosity (np), are
specified in conventional units as yield strength (g, Nm) and plastic viscosity (h, Nm-s),
respectively. Using a special calibration procedure for the rheometer, fundamental units can
be calculated. Calibration determined that, for this apparatus, 1o = 7.9 g and np, = 0.78 h.
However, since calibration was not performed for the specific theometer used in this study;,
the results are presented in conventional units.

Figure 5. Rheometer Schleibinger Viskomat NT setup used in testing.
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The coefficient of determination (R?) for the measurements ranged from 0.991 to 0.999.
Measurements were conducted without repetitions, but according to [56], the 95% confi-
dence intervals for yield stress (g) and plastic viscosity (h) are 5.8% and 6.0%, respectively.
These assumptions were used in the discussion of the results, specifically regarding the
statistical significance of the influence of the investigated factors on the rheological prop-
erties of the mortars. It should be noted that according to previous research conducted
on this rheometer [56], for mortars with high coefficients of determination, if there are
no changes in material batches, and standard sand is used, the coefficient of variation
for rheological parameters measurements is 4-5%. This assumption was confirmed by
retesting the reference sample (CEM_REF), and therefore, due to the very limited amount
of material, no repetitions were conducted for mixes with RFCP.

The effect of RECP on flexural and compressive strengths was determined according
to EN 196-1:2016-07 [38] using 40 mm x 40 mm x 160 mm? samples after 2 and 28 days
of hardening. For strength testing, ANOVA analysis was conducted in Statistica software
from StatSoft/TIBCO Software, version 14.1.0. ANOVA analysis is a tool for analyzing the
variance between the groups, allowing the assessment of the significance of the observed
differences. The F-statistic and p-value were calculated. The significance level for the
testing was set at the generally accepted p-value = 0.05.

The water absorbability of the mortar was measured using 40 mm x 40 mm x 160 mm?3
samples after 28 days of hardening (cured under the same conditions as the speci-
mens intended for strength testing). The specimens were dried to a constant mass at
105 °C £ 5 °C and then saturated to a constant mass. Water absorbability was calculated
using the formula:

W, = 100 Mw —ma), (1)
mg
where m,, is the mass of the wet sample, g, and mgq is the mass of the dried sample, g.

The effect of RFCP on shrinkage of the mortars from day 1 to day 28 was determined
using the Graf-Kaufman method on 40 mm x 40 mm x 160 mm samples. The samples
were stored in a climate chamber at 20 °C and 60% relative humidity.

The thermal conductivity and volumetric heat capacity of the mortars were determined
after 28 days on 100 mm x 100 mm X 100 mm samples after curing in water at 20 °C, and
dried at 105 °C £ 5 °C to a constant mass. The thermal performance of the mortars was
assessed using the Isomet 2114 thermal analyzer [57], which operates on the principle of
the dynamic method.

3. Results and Discussion
3.1. Required Water for Standard Consistency of Cement Pastes

The influence of the addition of RFCP and SP on the water required for the standard
consistency of cement pastes is shown in Figure 6.

The water required for the standard consistency of pastes increases linearly with
the amount of RFCP added. The water demand of RFCP is notably higher than that of
REF_CEM and LL. The presence of PCM in RFCP (RFCP-PCM1 and RFCP-PCM2) results
in a significant increase in the water required to achieve standard consistency, making the
water demand of RFCPs with PCM higher than that of RFCPs without PCM (RFCP_0).
For common-use cements, the water demand typically ranges from 25% to 30%. However,
when RFCP is used as the primary component of cement in amounts of 20% or 40%, the
water demand exceeds 35% and 40%, respectively. This makes the application of higher
amounts of RFCP, particularly RFCP with PCM, challenging.
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Figure 6. Influence of RFCP and SP on the required water for the standard consistency of
cement pastes.

The high water demand of cement pastes containing RFCP can be attributed to several
factors. Primarily, the SSA of the hydrated cement in RFCP is higher than that of unhydrated
cement. Additionally, the size and high porosity of the grains further increases the water
demand of RFCP. The increased water demand in RFCP with PCM is due to the presence
of paraffin lumps released from the microcapsules, which contribute to the agglomeration
of RFCP (Figure 2).

The addition of SP significantly reduces the amount of water for standard consistency—by
about 28% for REF_CEM and 32% for CEM_40_LL, by 27% for CEM_RFCP_40_0, and by
28% and 31% for CEM_RFCP_40_PCM1 and CEM_RFCP_40_PCM?2, respectively. This is
because SP disperses cement and RFCP agglomerates, increasing the amount of free water
and, consequently, the flowability of the paste. Additionally, it is possible to reduce the
water content in the paste without changing its flowability.

The addition of RECP_0 in the paste slightly decreases the effectiveness of SP compared
to REF_CEM. However, if RECP_PCM1 and RFCP_PCM2 are added, the effects of SP
are more pronounced than with RFCP_0. The actual mechanism of this effect is not
known and requires additional microstructural and chemical analysis of the samples.
However, based on the effects of SP, some possible causes can be identified. The likely
explanation is that in the CEM_RFCP_40_PCM1 and CEM_RFCP_40_PCM?2 pastes, more
water is trapped in RFCP agglomerates than in RFCP_40_0. Since the addition of SP
prevents the formation of these agglomerates, the pastes CEM_RFCP_40_PCM1_SP and
CEM_RFCP_40_PCM2_SP with SP addition require a similar amount of water for standard
consistency as RFCP_0 paste. However, the effectiveness of SP in the presence of PCM
requires further investigation.

3.2. Initial Setting Time of Pastes

The results of testing the initial setting time of pastes with and without RFCP with
standard consistency are shown in Figure 7. The initial setting of tested cement pastes was
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delayed by the presence of RFCP, with the delay being directly proportional to the amount
of RFCP added. This delay is due to the replacement of some of the cement with inactive
RFCP, which reduces the concentration of cement grains. When limestone powder (LL),
which is also mostly inert, is added, the retarding effect is less pronounced because the finer
grains of LL act as nuclei for crystallization. The presence of PCM in the aggregate causes a
significant delay in the initial setting time, though the type of PCM does not influence the
extent of the delay. This delay can be attributed to the free paraffin, which at some point
leaked out from the capsules, which could lead to the agglomeration of the cement particles.
Additionally, the free paraffin could block water from accessing the cement surface by
adsorbing onto the cement grains.

1200
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Figure 7. Influence of RFCP and SP addition on setting time of pastes.

The presence of SP in the paste also plays a role in the delayed initial setting time. The
setting time delay is 71 min (39%) for REF_CEM, 60 min (39%) for CEM_LL._40, 180 min
(71%) for CEM_RFCP_40, 220 min (75%) for CEM_RFCP_40_PCM1, and 228 min (77%)
for CEM_RFCP_40_PCM2. This delay is caused by the increased dispersion and dilution
of the cement grains due to the action of SP. Additionally, the adsorption of SP onto the
surface of the cement grains hinders water access and slows the diffusion of ions into the
liquid phase of the paste, further delaying the setting time. The relative delay in setting
time due to the addition of SP in pastes with RFCP is approximately 70%, indicating that
PCM has little effect on SP performance. However, due to the generally long setting time
delay in pastes with RFCP, the additional delay caused by SP may pose challenges for
practical applications.

3.3. Hydration Heat of Cement

The heat evolved and the rate of heat evolution of cement in the presence of LL, RFCP,
and SP are shown in Figures 8 and 9, as well as in Table 5. In general, the addition of
RFCP prolongs periods II and III of cement hydration (respectively, the period of induction
and acceleration), which is consistent with the results of the setting time presented in the
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previous section. Additionally, it reduces the heat flow, and decreases the total heat evolved
in proportion to the amount of RFCP added. Compared to REF_CEM, the addition of 40%
RFCP_0 (CEM_40_RFCP_0) extends period II of cement hydration by 2.4 h, delays the main
hydration peak by 1.2 h, and reduces the peak heat evolved by 58%. Additionally, the total
heat evolved by the cement after 72 and 168 h is reduced by 35.5% and 31.4%, respectively.
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Figure 8. Heat evolved (left) and heat flow (right) of cement in the presence of RFCP as 20% or 40%
cement replacement, with and without SP: (a) RECP_0 without PCM, (b) RFCP_PCM1 with PCM1,
and (c) RFCP_PCM2 with PCM2.
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Figure 9. Heat evolved of cement with RFCP as 20% or 40% cement replacement, with and without
SP. Vertical bars represent the 95% confidence interval.
Table 5. Time of end hydration periods, peak value of the heat evolution rate of cement in the
presence of RFCP and SP, and heat evolved related to values determined for cement REF_CEM [%].
Relative Heat Evolved Effect of SP—Relative Heat Evolved
End of End of The Peak Value of o N o
Paste Period II, Period III, Heat Evolution Related to REF_CEM, % Related to Related Paste Without SP, %
h+05h h+05h Rate, W kg1 24h 72h 168 h 24h 48 h 168 h
REF_CEM 2.83 12 2.92 100.0 100.0 100.0 100.0 100.0 100.0
REF_CEM_SP 3.58 13.5 1.97 74.2 95.6 98.4 74.2 92.5 98.4
CEM_40_LL 2.66 12.25 1.24 72.3 66.1 64.0 100.0 100.0 100.0
CEM_40_LL_SP 3.33 145 1.83 49.0 62.8 64.1 67.8 90.0 100.2
CEM_20_RFCP_0 3.91 13.33 2.34 82.3 89.1 92.0 - - -
CEM_20_RFCP_PCM1 7.58 19.16 1.86 65.0 86.1 88.5 - - -
CEM_20_RFCP_PCM2 6.41 22.08 1.85 57.5 85.5 90.1 - - -
CEM_40_RFCP_0 5.33 13.25 1.23 56.2 64.5 68.6 100.0 100.0 100.0
CEM_40_RFCP_0_SP 8.83 22.25 1.06 43.9 61.8 67.7 78.1 92.8 98.8
CEM_40_RFCP_PCM1 5.81 13.58 1.10 51.9 62.4 67.2 100.0 100.0 100.0
CEM_40_RFCP_PCM1_SP 10.55 26.08 0.91 36.9 59.2 66.3 71.2 90.9 98.6
CEM_40_RFCP_PCM2 5.66 13.75 1.12 49.8 63.1 65.9 100.0 100.0 100.0
CEM_40_RFCP_PCM2_SP 10.37 32.25 0.92 28.6 59.6 68.0 57.5 86.4 103.2

Increasing the RFCP_0 content from 20% (CEM_20_RFCP_0) to 40% (CEM_40_RFCP_0)
extends period II by 1.4 h. The main hydration peak is not delayed but is reduced by
47% while the cumulative heat evolved after 72 and 168 h is reduced by 28% and 25%,
respectively. Comparing the addition of 40% RFCP_0 (CEM_40_RFCP_0) to the addition
of 40% limestone LL (CEM_40_LL), it can be noticed that the amount of heat evolved by
cement with LL is higher than in the case of cement with RFCP_0. Fine LL grains can act
as a crystallization nucleus, whereas the relatively large grains of RFCP do not serve this
function. However, after 72 h, the total heat evolved by cement with 40% RFCP is similar
to that of cement with 40% LL, and after 162 h, it is even slightly higher—by about 5%.

The presence of PCM in the paste has a significant impact on cement hydration.
For cement containing 20% RFCP with either PCM type, the end of the induction phase
(period II) is delayed by 3.5-4.5 h compared to RECP_0. The end of the acceleration period
(period III) and the main hydration peak are delayed even further, by 6-9 h. In addition,
the main hydration peak is reduced by about 20%, and the total heat evolved after 24 h
decreases by approximately 15-20%. During this period, the type of PCM plays a significant
role, since RFCP_PCM2 delays the end of period III more than RECP_PCM]1, leading to a
greater reduction in heat evolved after 24 h.
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At 40% RFCP, the effect of PCM on cement hydration is similar but noticeably weaker.
The end of the acceleration period (period II) for cement with 40% RFCP with both PCM1
and PCM2 is delayed by about 1.2 and 2.1 h, respectively, compared to 40% RFCP_0, but the
main hydration peak and the end of period III are not delayed. The main hydration peaks
are lower by 9% in comparison to the paste with RFCP with no PCM, and the total heat
evolved after 24 h is reduced by 8% for RECP with PCM1 and 11% for RFCP with PCM2.
After this period, the type of PCM has minimal influence, with REFCP_PCM2 affecting
paste hydration by slightly greater prolongation of period II. However, the heat evolved by
CEM_40_RFCP_PCM1 and CEM_40_RFCP_PCM2 after 24 h differs by only 4%.

The cement incorporating RFCP with PCM shows a higher heat evolution rate after
24 h compared to the RFCP-only sample, which helps to compensate for the initially re-
duced heat release. At 72 and 168 h, the total heat evolved by RFECP_PCM1 or RECP_PCM2
remains only marginally lower, by about 2-3% than that of RFCP_0.

The addition of SP slows cement hydration during the initial period. This delay de-
pends on the presence of RFCP and PCM within the RFCP. The end of period Il is delayed
by about 0.75 h for REF_CEM and cement with limestone (CEM_40_LL). For cement with
RFCP_0 (CEM_40_RFCP_0), the delay is about 3.5 h (=65%). For cement with RFECP_PCM
(CEM_40_RFCP_PCM1 or CEM_40_RFCP_PCM?2), it increases to approximately 4.75 h
(~80%). The presence of RFCP also delays the end of period III and the main hydra-
tion peak. This delay is about 9 h for RFCP_0 and increases to 12-19 h for RFCP_PCM
(CEM_40_RFCP_PCM1 or CEM_40_RFCP_PCM2).

The retarding effect of SP is due to its adsorption on the cement surface and the
primary hydrate layer, which hinders the diffusion of water molecules and ions into the
liquid phase, thereby slowing the heat evolution during hardening [58]. The cause of
the more significant retardation of the cement hydration process by SP in the presence of
RFCP, especially RFCP with PCM, would require microstructural and chemical analysis;
however, a possible cause may be identified. Due to the flocculation caused by free paraffin
in the system, and the fact that RFCP can adsorb a significant amount of SP that prevents
deflocculation [42], the accessibility of water to cement grains is decreased, and thus the
reaction of hydration is slowed down.

It is important to note that while SP initially retards the hydration of clinker phases,
after 24 h, the heat evolution rate in its presence surpasses that of cement without SP. This
suggests that the formation of hydrates accelerates, leading to a comparable total heat
release after 168 h.

It can therefore be concluded that incorporating PCM into RFCP influences the hy-
dration heat of cement during the early hydration stage, up to 72 h. The observations on
RECP’s effect on setting time (see Section 3.2) align closely with the trends in hydration du-
ration. The underlying mechanism affecting both heat evolution and setting time appears
to be the same: as noted in Section 3.2, this arises from the adsorption of SP and paraffin
from PCM onto the cement grains, combined with the dilution effect caused by SP.

3.4. Consistency and Rheological Properties of Fresh Mortars

The effect of RFCP on the consistency of fresh mortars with w/c ratios of 0.50 and
0.65 is shown in Figure 10, while the effect on the rheological properties of mortars with a
w/c ratio of 0.65 is presented in Figure 11.
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Figure 10. Effect of RFCP type and dosage on the consistency of fresh mortars: (a) w/c = 0.50;
(b) w/c = 0.65. Vertical bars represent the 95% confidence interval.

Regardless of the w/c ratio, the presence of RFCP reduces mortar flow, with the effect
becoming more pronounced as the RFCP content increases. When RFCP is added at 40%
by weight of cement, the fresh mortar becomes too stiff, necessitating the addition of SP for
proper workability. The addition of SP in the amount specified in Table 4 allows for the
production of flowable mortars, such as CEM_40_RFCP_0_SP, which has a consistency sim-
ilar to CEM_20_RFCP, and FA_40_RFCP_0_SP, which is similar to REF_CEM. It should be
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noted that SP added in this quantity causes excessive fluidization and complete segregation
of CEM_REF and CEM_40_LL mortars.
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Figure 11. Effect of RFCP type and dosage on the consistency of fresh mortars with w/c = 0.65
after 5 and 60 min: (a) yield stress (g); (b) plastic viscosity (h). Vertical bars represent the 95%
confidence level.

The reduction in flow of mortars containing 40% RFCP_0 is smaller when RFCP
replaces part of the sand. Although the flow of mortars decreases over time regardless of
RFCP addition, the loss is generally negligible at a w/c ratio of 0.65. For instance, after
60 min, the flow loss for FA_40_RFCP_0 is less than that observed for CEM_40_RFCP_0
and REF_CEM, with flow table results reductions of 1.0, 1.7, and 1.9 cm, respectively.

The incorporation of PCM into RFCP (RFCP_PCM1, RFCP_PCM?2) adversely affects
mortar consistency. Relative to mortars with RFCP_0, those containing RFECP_PCM1 or
RFCP_PCM2 show reduced flow and greater flow loss over time. The addition of SP
enhances the flowability of mortars with 40% RFCP (CEM_40_RFCP and FA_40_RFCP), ini-
tially mitigating the negative influence of PCM on consistency. Nevertheless, the flow loss
in CEM_40_RFCP and FA_40_RFCP mortars with RFCP_PCM1 or RFCP_PCM2 exceeds
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that of mortars with RFCP_0, especially when RFCP replaces cement. The type of PCM
does not significantly affect the consistency of the tested mortars.

Rheometric measurements provide more insight into the effect of RFCP on the flowa-
bility of mortars. The addition of 20% RFCP_0 increases both the yield stress (g) and plastic
viscosity (h) of the CEM_20_RFCP mortar compared to REF_CEM and CEM_40_LL mortars.
Mortars with 40% RFCP_0, when used as a cement replacement and with the addition of SP
(CEM_40_RFCP_0_SP), exhibit a 15% lower yield stress (g) and a 55% higher plastic viscos-
ity (h) than CEM_20_RFCP_0. In contrast, mortars with 40% RFCP_0 used as a replacement
for part of the sand and with SP (FA_40_RFCP_0_SP) show a 66% lower yield stress (g)
and an 18% lower plastic viscosity (h) than CEM_20_RFCP_0. Notably, when RFCP is
introduced as a sand replacement, both the yield stress (g) and plastic viscosity (h) of the
mortar are significantly lower—by approximately 60% and 47%, respectively—compared
to when it is introduced as a cement replacement.

The yield stress (g) of mortar REF_CEM increases by approximately 5 N-mm over a
period of 60 min, while the increase for CEM_40_LL is even smaller, about 2 N-mm. The
presence of RECP_0 in the mortar accelerates the increase in yield stress (g) over time. For
mortars with 40% RFCP (CEM_40_RFCP_0_SP and FA_40_RFCP_0_SP), the increase in
yield stress (g) over time is similar, but slightly lower than for mortars with 20% RFCP
(yield values of g increase by 11 and 15 N-mm, respectively). After 60 min, the plastic
viscosity (h) of all mortars increases by up to 2 N-mm compared to the initial value, though
this change has only a minor impact on their flowability. Nonetheless, the rise in plastic
viscosity (h) over time is more evident in mortars with higher RFCP content.

The incorporation of PCM into RFCP markedly influences the rheological behavior of
mortars containing 20% RFCP (CEM_20_RFCP). Compared to mortars with RFCP_0, those
with RFCP_PCM show increased yield stress (g) and plastic viscosity (h). The PCM type
also plays a role: mortars with RECP_PCM1 exhibit lower yield stress (g) than those with
RFCP_PCM2. However, the presence of PCM in RFCP does not affect the rate of increase in
rheological parameters for mortars with 20% RFCP (CEM_20_RFCP). For mortars with 40%
RFCP and SP (CEM_40_RFCP and FA_40_RFCP), regardless of how RFCP is introduced, the
presence of PCM initially does not influence the yield stress (g) or plastic viscosity (h). Over
time, however, the impact of PCM becomes more apparent. The increase in yield stress (g)
over time for CEM_40_RFCP and FA_40_RFCP mortars with RFCP_PCM is higher than for
mortars with RFCP_0, although the plastic viscosity (h) of these mortars does not change
significantly over time. Mortars CEM_40_RFCP_PCM_SP and FA_40_RFCP_PCM_SP show
a greater increase in yield stress (g) over time, by 11 and 5 N-mm, respectively, compared to
mortars with RFCP_0. The type of PCM in RFCP does not significantly affect the changes
in rheological parameters of these mortars over time.

The influence of RFCP on the consistency and rheological behavior of mortars is gov-
erned by several interrelated mechanisms. Compared to cement and sand, RFCP exhibits a
significantly higher water demand. Materials with greater water demand reduce the mor-
tar’s flowability while increasing its yield stress (g) and plastic viscosity (h). Additionally,
RFCP particles are relatively large, larger than cement grains, and feature irregular shapes
with rough surfaces. Consequently, their incorporation further elevates the yield stress (g)
and plastic viscosity (h) of the mixture. Moreover, the grains absorb free water from the
fresh mix, and RFCP accelerates the loss of workability in mortars.

The addition of SP releases water trapped in the agglomerates of cement and RFCP,
which improves the flowability of the mortar by reducing its yield stress (g). The mechanism
of SP’s effect in the presence of RFCP and PCM was discussed in Section 3.1, highlighting
the more significant effects of SP when RFCP contains PCM. As the effects of SP diminish,
the potential for agglomeration increases with RFCPs containing PCM, further accelerating
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the loss of flowability in mortars with its addition. Since RECP is a powdery additive,
introducing it as a replacement for sand increases the paste volume in FA_40_RFCP_SP
mortars, which contributes to a decrease in yield stress (g) and plastic viscosity (h). The
fine particles of RFCP are significantly finer than sand, and therefore can act as part of the
paste, acting like a lubricant for coarser sand grains. This effect requires the water demand
of the RFCP to be filled, and thus can be expected at w/c = 0.65, but not at w/c = 0.5, which
can be noticed in the results of consistency testing (Figure 10). This effect does not occur in
CEM_40_RFCP_SP mortars when RFCP replaces cement, as it does not significantly affect
the paste volume in the mortar.

3.5. Air Content

The influence of RECP on the air content in fresh mortars with w/c ratios of 0.50 and
0.65 is shown in Figure 12.
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Figure 12. Effect of RFCP type and dosage on air content in fresh mortars at w/c ratios of 0.50 and
0.65. Error bars represent standard deviation.

The addition of 20% RFCP_0 increases the air content in the w/c = 0.50 mortar by
1.9% compared to the CEM mortar. The presence of PCM reduces the air content by 1 to
1.5%, bringing it to a level similar to that of the CEM mortar. It is noteworthy that the
addition of RFCP has the opposite effect compared to the addition of limestone powder
(LL), which reduces the air content in the mortar. Mortars with 40% RFCP introduced as a
cement replacement (and with SP added) have similar air content to those with 20% RFCP.
Mortars with RFCP added as a sand replacement (and with SP present) show a slightly
lower air content, about 0.2-0.8% less than those with RFCP as a cement replacement. The
presence of PCM in RFCP slightly reduces the air content in mortars with 40% RFCP, with
a negligible effect when RFCP is introduced as a sand replacement. Increasing the w/c
ratio from 0.50 to 0.65 decreases the air content in all tested mortars by 2 to 3.5%. However,
the general trend of RFCP’s effect on air content remains unchanged. In conclusion, while
the addition of RFCP increases the air content in mortars, the presence of PCM in RFCP
partially mitigates this increase.
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3.6. Density of Hardened Mortars

Figure 13 illustrates the effect of RFCP type and content on the density of hardened
mortars with a w/c ratio of 0.50. The density is determined by the mortar composition,
including the amount, type, and method of RFCP incorporation, as well as its compaction
ability, which is reflected by the air content. In comparison to the reference mortar, the
density of the hardened mortar with 20% RFCP is roughly 3-3.5% lower. Increasing the
amount of RFCP in the mortar results in a further reduction in density. When 40% RFCP is
introduced as a cement replacement, the density decreases by approximately 7-7.5%, while
replacing sand with RFCP reduces the density by 4.5-6% compared to REF_CEM. In terms
of density, the presence of PCM in RFCP has a negligible effect, with variations in density
due to the PCM presence ranging within £1%.
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Figure 13. Effect of RFCP type and dosage on the density of hardened mortars. Vertical bars indicate
standard deviation.

3.7. Flexural and Compressive Strength

The influence of the type of RFCP and the method of its addition to mortar (as a re-
placement for part of the cement CEM or as a replacement for fine aggregate) on the flexural
and compressive strength of mortars after 2 and 28 days is shown in Figures 14 and 15,
respectively, and in Table 6.

The introduction of RFCP as a cement replacement reduces the flexural strength of
mortars after 2 days in proportion to its amount. The flexural strength of CEM_20_RFCP
mortars is 25-35% lower, and that of CEM_40_RFCP_SP mortars is 51-60% lower than
that of REF_CEM. The negative effect of RFCP as a cement replacement is clearly more
significant than the effect of introducing LL in an equivalent amount, especially for the
20% addition. When RFCP is used as a replacement for fine aggregate, it also reduces the
flexural strength of FA_40_RFCP_SP mortars after 2 days, but to a much lesser extent. The
strength is 35-40% lower than REF_CEM, yet 22-30% higher than REF_40_LL mortars and
32-48% higher than CEM_40_RFCP_SP mortars.
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Figure 14. Influence of RFCP content (RFCP as partial cement CEM or fine aggregate (FA) replacement
by mass) on the flexural strength of mortars: (a) after 2 days and (b) after 28 days. Vertical bars mean

95% confidence level.

After 28 days, RFCP’s impact on the mortars’ flexural strength diminishes considerably,
though it remains noticeable. The flexural strength of CEM_20_RFCP, CEM_40_RFCP_SP,
and FA_40_RFCP_SP mortars is 8-9%, 12-14%, and 15-17% lower, respectively, compared
to REF_CEM, and is similar to mortars with a comparable amount of LL. The influence of
the method of RFCP introduction disappears, meaning it no longer matters whether RFCP

replaced part of the cement or part of the fine aggregate.

The presence of PCM in RFCP does not seem to affect the flexural strength of
CEM_20_RFCP, CEM_40_RFCP_SP, and FA_40_RFCP_SP mortars, as confirmed by ANOVA

analysis (Figure 15, Table 7).
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Figure 15. Influence of RFCP content (RFCP as partial cement CEM or fine aggregate (FA) replacement
by mass) on the compressive strength of mortars: (a) after 2 days and (b) after 28 days. Vertical bars
mean 95% confidence level.

Similarly to flexural strength, replacing cement with RFCP reduces the compressive
strength of mortars after 2 days, with the extent of reduction proportional to the RFCP
content (Figure 15, Tables 6 and 7). The compressive strength of CEM_20_RFCP mortars
is 40-44% lower, and that of CEM_40_RFCP_SP mortars is 62-68% lower compared to
REF_CEM mortar. Additionally, the negative effect of RECP on compressive strength
is more pronounced than its effect on flexural strength. When RFCP is introduced as a
replacement for fine aggregate, it lowers the compressive strength of FA_40_RFCP_SP
mortars by 47-49% compared to REF_CEM, which is significantly less than the reductions
observed in CEM_40_RFCP_SP mortars (62-68%) and REF_CEM_40_LLL mortars (59%).
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Table 6. Development of flexural and compressive strength of RECP mortars expressed as a percentage
relative to REF_CEM values.

Mortar Flexural Strength, % REF_CEM Compressive Strength, % REF_CEM
2 Days 28 Days 2 Days 28 Days
REF_CEM 100% 100% 100% 100%
CEM_20_LL 85% 97% 74% 96%
CEM_40_LL 50% 87% 41% 74%
CEM_20_RFCP 70% 93% 56% 90%
CEM_20_RFCP_PCM1 72% 92% 60% 88%
CEM_20_RFCP_PCM2 64% 91% 56% 89%
CEM_40_RFCP_SP 49% 88% 38% 74%
CEM_40_RFCP_PCM1_SP 44% 86% 32% 76%
CEM_40_RFCP_PCM2_SP 46% 87% 36% 76%
FA_40_RFCP_SP 64% 85% 51% 81%
FA_40_RFCP_PCM1_SP 60% 83% 53% 86%
FA_40_RFCP_PCM2_SP 64% 84% 53% 82%

Table 7. ANOVA analysis of effects of RECP on flexural and compressive strength of mortars.

Factor F 4 F P
Flexural strength After 2 days After 28 days
Effect of RFCP presence—CEM_20_RFCP 214.8 0.000 * 7.672 0.020 *
Effect of RECF type/PCM type 1.552 0.286 0.139 0.874
Effect of RFCP presence—CEM_40_RFCP 548.8 0.000 * 30.98 0.000 *
Effect of RFCF type/PCM type 1.416 0.313 0.324 0.737
Effect of RFCP presence—FA_40_RFCP 319.9 0.000 * 41.81 0.000 *
Effect of RECF type/PCM type 2.249 0.187 0.239 0.795
Compressive strength After 2 days After 28 days
Effect of RFCP presence—CEM_20_RFCP 566.3 0.000 * 13.03 0.002 *
Effect of RFCF type/PCM type 2.214 0.144 0.152 0.860
Effect of RFCP presence—CEM_40_RFCP 937.2 0.000 * 128.8 0.000 *
Effect of RECF type/PCM type 2.186 0.147 0.392 0.682
Effect of RFCP presence—FA_40_RFCP 652.9 0.000 * 42.53 0.000 *
Effect of RFCF type/PCM type 0.169 0.846 1.151 0.342

F—F statistic, p—probability level, * denotes statistically significant influence on significance level <0.05.

After 28 days, the compressive strength of CEM_20_RFCP mortars is 10-12% lower,
that of CEM_40_RFCP_SP mortars is 24-26% lower, and that of FA_40_RFCP_SP mortars
is 14-19% lower compared to REF_CEM mortars. While the negative effect of RFCP on
compressive strength decreases after 28 days compared to 2 days, it remains significant.

Therefore, the presence of PCM in RFCP and the type of PCM in RFCP have no
statistically significant effect on the compressive strength of the mortars after 2 and 28 days
(Figure 15, Table 7).

The influence of the dynamics of early strength development in mortars with RFCPs is
technologically important, as it affects the timing of formwork removal, influences curing
methods for concrete at low or high temperatures, and determines the risk of thermal
stresses in construction. As shown in Figure 16, mortars with RFCP generally exhibit
slower early strength development compared to REF_CEM (R /Reps = 0.67) and analogous
CEM_LL mortars (R.2/Reg = 0.51 and 0.37 for 20% and 40%, respectively). This delay is
more pronounced with higher amounts of RFCP (R, /Reg = 0.41-0.45 for CEM_20_RFCP
and 0.29-0.34 for CEM_40_RFCP_SP). Mortars with RFCP introduced as a replacement
for fine aggregate also experience slower strength development compared to REF_CEM
mortars. However, the delay in early strength gain is less significant for FA_RFCP mortars
than for the corresponding CEM_RFCP mortars. The presence of PCM in RFCP, when used
as a cement replacement, may slightly influence the dynamics of the early strength increase,
though the effect is unclear. When RFCP is used as a replacement for fine aggregate, no
significant effect of PCM on early strength development was observed.
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Figure 16. Influence of RFCP added as a cement or fine aggregate replacement on the dynamics of
early compressive strength development R /Rpg of mortars.

As shown in Figure 17, after 2 days, the flexural-to-compressive strength ratio (R¢/Rc)
of mortars containing RFCP and LL is higher than that of the reference mortar (CEM_REF).
This results from the slower development of compressive strength compared to flexural
strength. After 28 days, the R¢/R. ratio for RFCP mortars is comparable to that of CEM_REF
and CEM_LL mortars. The presence of PCM in RFCP has no significant effect on the rela-
tionship between flexural and compressive strength, with changes in R¢/R. not exceeding
10%. It is worth noting that the negative effect of increasing the amount of RFCP in the
mortar on its strength is less pronounced than in the study in [17]. This difference can
be attributed to the fact that, in [17], a superplasticizer (SP) was not used to improve the
flowability of fresh mortars. The lower flowability of those mortars made it more difficult
to achieve adequate compaction of the samples.

The impact of RECP on mortar strength results from several interacting mechanisms.
The absence of chemical reactivity in RFCP directly contributes to its adverse effect on
strength, particularly at early ages, as it dilutes the clinker and does not contribute to the
hydration. However, due to its high water demand, RFCP absorbs part of the mixing water,
reducing the amount of free water and thereby lowering the effective water-to-cement
ratio (W/cegr). Consequently, the negative influence of RFCP on late-stage strength is less
pronounced than would be expected based solely on its replacement level.

RFCP grains are not finer than grains of cement, so its role as a microfiller is limited
when it is used as a partial cement replacement. However, when RFCP is used as a
replacement for fine aggregate, its finer grains may help tighten the mortar structure,
which could explain the beneficial effect of RFCP as a fine aggregate replacement on
mortar strength.

It is also quite clear that the presence of PCM in RFCP affects mortar strength to a
significant degree during the early hardening period, as was seen in measurements of
hydration heat (Section 3.2) and setting time (Section 3.3). However, the presence and type
of PCM in RFCP have a negligible influence on mortar strength after 2 and 28 days. This is
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expected, as the amount of PCM is small, and is consistent with the hydration heat results,
which indicate that the effect of PCM on strength is minimal after two days.
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Figure 17. Influence of RFCP on the relationship between flexural and compressive strength R¢/R. of
mortars shown as: (a) the ratio of R¢/R; and (b) R, as a function of R;.

It should also be noted that the addition of superplasticizer (SP) to mortars with 40%
RFCP can affect their early strength. The presence of SP delays the hydration of cement
up to 72 h (as shown in Sections 3.2 and 3.3), which may result in slower early strength
development during this period. However, since SP does not affect hydration over the long
term, it should not affect the strength of mortars at later ages.

3.8. Shrinkage of Mortars

The effect of adding RFCP on the shrinkage of mortars is presented in Figures 18 and 19.
It is important to note that the recorded strains represent the combined effect of autogenous
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and drying shrinkage, as they were measured with no protection from water evaporation
from the mortar surface. Notably, the shrinkage of CEM_20_RFCP, CEM_40_RFCP_SP,
and FA_40_RFCP_SP mortars with the same type of RECP do not differ significantly. This
indicates that the shrinkage of RFCP mortars is not strongly influenced by the amount of
RFCP added or the method of its incorporation.
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Figure 18. Effect of RFCP with and without PCM on mortar shrinkage: (a) CEM_20_RFCP mortars,
(b) CEM_40_RFCP_SP mortars, and (c) FA_40_RFCP_SP mortars.

The shrinkage of mortars containing 20% RFCP_0 exceeds that of CEM_REF mortars
after 2 and 7 days—by 15% at 2 days, and by 10% at 7 days. However, the impact of
RFCP_0 on shrinkage decreases over time, and by 28 days, shrinkage levels are comparable
to those of CEM_REF mortars. In contrast, RFCP and LL affect shrinkage differently, with
LL consistently reducing shrinkage from the beginning.

Increasing the RFCP_0 content to 40%, whether as a cement or fine aggregate re-
placement, leads to a slight increase in early-age shrinkage compared to CEM_20_RFCP_0.
However, this increase is minor and does not exceed 10%. By days 7 and 28, the shrink-
age of CEM_40_RFCP_0 and FA_40_RFCP_0 mortars remains comparable to that of
CEM_20_RFCP_0 mortars.
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Figure 19. Effect of RFCP type on mortar shrinkage after 3, 7, and 28 days. Vertical bars indicate the
95% confidence interval.

Regardless of the RFCP amount or method of introduction, the presence of PCM
in RFCP has little impact on shrinkage up to day 2. However, over time, mortars with
RFCP_PCM exhibit accelerated shrinkage. At 28 days, the shrinkage of mortars with PCM
is approximately 25% higher for mortars with PCM1 and 14% higher for mortars with
PCM2, in comparison to their RFCP_0 counterparts. This suggests that the type of PCM in
RFCP significantly influences mortar shrinkage.

The study confirms the findings of [17], indicating that RFCP_0 has no significant
impact on shrinkage after 28 days. Furthermore, the shrinkage of mortars CEM_20_RFCP,
CEM_40_RFCP_SP, and FA_40_RFCP_SP, when using the same type of RFCP (RFCP_Q,
RFCP_PCM1, or RFCP_PCM2), does not vary significantly. This suggests that mortar
shrinkage is not strongly influenced by the RFCP content or its method of introduction.

The high early-age shrinkage observed in mortars containing RFCP, relative to
CEM_REF mortars, can likely be linked to the inert nature of RFCP. Its limited chemi-
cal reactivity results in a higher proportion of unbound water within the matrix, which
tends to evaporate during the initial curing stages, thereby intensifying shrinkage.

However, this does not explain why the RFCP content itself does not significantly
affect shrinkage. Notably, the presence of PCM in RFCP has a considerable impact on
increasing mortar shrinkage, despite its low quantity. This finding contrasts with existing
literature, which generally reports only a minor effect of PCM on the shrinkage of mortars
and concretes. Interestingly, PCM type significantly influences shrinkage but does not have
a notable effect on other hardened mortar properties. It should be noted that the effects of
PCM on shrinkage available in the literature were tested on mostly intact PCMs, while in
this case, the paraffin may not be encapsulated, but rather inside the matrix, coating the
grains of RFCP, which can lead to flocculation of the grains. One of the explanations for
the increase in shrinkage is the flocculation of the RFCP in the presence of SP and paraffin,
leading to an increased amount of water in capillary pores, which then leads to increased
shrinkage. In this case, the amount of RFCP would be secondary, as the primary issue
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driving the shrinkage would be the amount of SP, and to a higher degree, paraffin [42].
These observations highlight the need for further research in terms of the microstructure of
RFCP and interactions between broken PCMs with SP.

3.9. Water Absorption of Hardened Mortars

The influence of RECP on the water absorption of hardened mortars is shown in
Figure 20. The study confirms the findings of [17]. Water absorption increases proportion-
ally with RFCP content when introduced as a cement replacement. In CEM_20_RFCP
mortars, water absorption is approximately 1% higher than in CEM_REF, while in
CEM_40_RFCP mortars, it is about 1.5% higher. In contrast, FA_40_RFCP mortars, where
RFCP replaces sand, exhibit water absorption approximately 1% lower than CEM_40_RFCP
mortars, and similar to CEM_20_RFCP mortars. As can be noticed, the presence of PCM
did not affect water absorption of mortars to a significant degree.
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Figure 20. Effect of RFCP type and content on the water absorption of hardened mortars.

The effect of RFCP on water absorption arises from the interplay of multiple mech-
anisms. The low chemical activity of RFCP, when used as a cement replacement, leads
to a more porous paste structure. However, its high water demand reduces the effective
water-to-cement ratio (w/cesf), which contributes to a denser paste and mortar structure,
particularly when RFCP is introduced in place of sand. Additionally, the increased powder
content in these mortars may further enhance structural densification. As a result, while
RFCP slightly increases water absorption, the effect remains relatively minor, even at higher
replacement levels.

3.10. Thermal Conductivity and Volume Heat Capacity of Hardened Mortars

Figures 21 and 22 illustrate the effects of RFCP type and the amount added on the
thermal conductivity and volumetric heat capacity of mortars.

The thermal conductivity of mortars containing RFCP_0 is lower than that of
REF_CEM mortar, particularly at higher RFCP content. CEM_40_RFCP_0 and FA_40_RFCP_0
mortars exhibit thermal conductivities that are 20% and 10% lower, respectively, than
REF_CEM. The presence of PCM in RFCP further reduces the thermal conductivity of
RFCP mortars—by up to 4% in CEM_20_RFCP_PCM mortars and slightly more, between
7% and 8%, in CEM_40_RFCP_PCM and FA_40_RFCP_PCM mortars with higher RFCP

https:/ /doi.org/10.3390/su18021004


https://doi.org/10.3390/su18021004

Sustainability 2026, 18, 1004

29 of 35

content. However, the type of PCM in RFCP does not significantly affect the thermal
conductivity of the mortars, with the only exception being a slight reduction observed in
CEM_20_RFCP_PCM2 mortars.
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Figure 21. The effect of RFCP type and content on the thermal conductivity of mortars (a), and (b) the
relationship between thermal conductivity and mortar density.
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Figure 22. The effect of RFCP type and content on the volume heat capacity of mortars (a), and (b) the
relationship between volume heat capacity and mortar density.

The volume heat capacity of mortars is also affected by the presence of RFCP. Mortars
containing RFCP_0 exhibit values comparable to those of CEM_REF mortars, whereas
mortars containing RFCP_PCM1 and RFCP_PCM2 demonstrate reduced volume heat
capacity. These measurements were performed at 20 °C, a temperature below the phase-
transition thresholds of the PCMs used (24 °C and 37 °C), and therefore do not reflect their
potential for latent heat storage. Additionally, the effectiveness of PCM has been found to
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be lowered if encapsulation is damaged, and in the case of RFCP with PCM, the grinding
process may damage the shell of PCM, releasing the paraffin [59]. In contrast to RFCP, the
substitution of 40% limestone powder (LL) for cement does not alter thermal conductivity
but leads to an increase in the volume heat capacity of the mortar.

Thermal conductivity is directly related to the density of mortars, increasing as density
increases (Figures 21 and 22). Since the addition of RFCP reduces mortar density, mortars
containing RFCP also exhibit lower thermal conductivity. Furthermore, RECP_PCMs have
a lower density than RFCP_0, resulting in even lower thermal conductivity in mortars with
RFCP_PCM. Volume heat capacity also appears to be influenced by mortar density, though
the correlation is less pronounced, due to the fact that even if the full potential of PCM is
reduced, the PCM in the cementitious matrix can be expected to provide some measure of
heat capacity, offsetting to a limited extent the changes due to the reduction in density.

4. Summary and Conclusions

Based on the study of RFCP obtained from ultra-light foam concretes (ULFC) with
and without paraffin-based PCM (RFCP_0 and RFCP_PCM, respectively) used as a
Type 1 additive (either as a cement or sand replacement), the analysis leads to the
following conclusions:

e  The addition of RECP delays cement setting, reduces the rate of heat evolution, and
lowers total heat release, with stronger effects observed at higher RFCP content.

e  The use of RFCP with or without paraffin-based PCM as a replacement for cement or
sand significantly reduces the flowability of mortars and increases their air content.
Additionally, mortars with higher RFCP content experience faster flowability loss over
time. To maintain adequate flowability, comparable to reference mortars, in mortars
containing more than 20% RFCP (by cement mass), the addition of SP is necessary.
Mortars in which RFCP replaces sand are more susceptible to flowability reduction
than those where RFCP replaces cement. The presence of paraffin-based PCM in RFCP
does not negatively affect the performance of superplasticizers (SP) in enhancing
mortar flowability.

e  The presence of paraffin-based PCM in RFCP generally has a negative impact on the
early hydration of cement and the flowability of fresh mortars. While its effect on
mortar properties may be noticeable during the initial hardening period, it becomes
largely insignificant after 28 days, except for shrinkage.

e  The mechanical properties of mortars are negatively affected by the presence of RECP
with no PCM in the mortar. Using RFCP as a replacement for 20% of cement leads
to a decrease in both compressive and flexural strength to up to 11%, while up to a
26% decrease can be expected in the case of using RFCP as a replacement for 40% of
cement. Early shrinkage is increased in the presence of RFCP with no PCM almost
twofold, however, after 28 days, the shrinkage is comparable to that of the reference
sample. The thermal conductivity for mortars with RFCP is lower than that of the
reference sample by up to 20%, however volume heat capacity is comparable.

e The presence of paraffin-based PCM in RFCP does not affect the strength or ab-
sorbability of RECP mortars, but reduces their thermal conductivity and significantly
increases shrinkage.

e  Compared to mortars where RFCP is used as a cement replacement, those in which
an equivalent amount and type of RFCP replace sand exhibit higher strength at both
2 and 28 days, faster strength development, higher thermal conductivity, and similar
volume heat capacity. The impact of paraffin-based PCM in RFCP on the properties
of hardened mortars remains consistent regardless of whether it is introduced as a
replacement for cement or sand.
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e Based on these findings, both RFCP_0 and RFCP_PCM can be used as mortar additives,
replacing either cement or aggregate at up to 40% of cement by weight. However,
a reduction in both fresh and hardened mortar properties should be expected, es-
pecially when using RECP_PCM. Using RFCP as a sand replacement is generally
more favorable.

e Due to the worsening of both fresh and hardened mortar properties, the practical
application is therefore limited to less demanding structures and/or environmental
conditions, such as indoor decorative elements, fillers, and non-structural indoor
construction elements. Further research is, however, necessary to introduce the RFCP
into practice. The study did not delve into the effect of RFCP with PCM on the
microstructure of the mortars or optimization of SP content in the mixture, as the
main focus was on the observable effects that would provide a basis for the feasibility
of using RFCP. Additionally, to further the possible practical use, the effect of RFCP
on the durability of mortars and concretes should also be explored, as well as the
long-term effects of RFCP with PCM. Therefore, there are two clear directions for
further studies—firstly, the effect of RFCP with PCM on microstructure, necessitating
tests such as XRD, FTIR, and more in-depth SEM photography. The second direction
is the durability testing and long-term testing of the mechanical properties, with tests
of freeze-thaw, chloride penetration, and the carbonation of mortars and concretes
with RFCP addition. The possibility of leakage of paraffin from the composites should
also be tested, in addition to long-term strength. From the standpoint of the utilization
potential for RECP, LCA analysis would also be necessary to provide information about
the sustainability potential of using RFCP as a constituent of cementitious materials.
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